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ABSTRACT

The lectures deal mainly with the condensation of self-gravitating

masses of gas from cosmic clouds, with special attention to difficulties due

to angular momentum and a magnetic field. Emphasis is laid on the dynamical

problems of the early stages, before opacity becomes important.
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1. GRAVITATIONIAL INSTABIIMTY IN • NON-,OTATING

DiON-MAGNETIC MEDIUM

1.1 Jeans's classical treatment.

Plane pressure waves are imagi ed propagating in a self-gravitating uniform gas at

rest. If the disturbance is -C .PL'-(kx -k O there results a simple dispersion relation

between the angular frequency Q and the wave-number k

z

where C is the velocity of sound when gra-;:zy -:an be ignored, ,j is the unperturbed

density, and the fravitational constant. Thus there exists a critical wave number

if k > K - smalA wavelength- L/k 0-e C the disturbanzes are just sound

waves, slightly modified by the gravitational reduction of the elasticity of the medium.

For k A --- _ý-- o/C_ is imaginary; the density perturbations are not reversed by gas
pressure but are amplified by self-gravitation, the e-folding time being

We note that the time is infinite for k and decreases monotonically

with increasing, wave length~ too the limit (F The mi-nimum unstable length

is one half a vavelength, i.e.

As a numerical example, consider an H " medium with iC)
and temperature Ga I o K; then •. " 2 - parsecs, and the shortest

e-folding time is 1 - years. As the work of Spitzer and Savedoff yields a

much shorter time - about 100 years - for radiative absorption and emission to iron out

temperature variations, the isothermal rather than the adiabatic sound speed must be used

in (3) and ).



The main objection to Jeans's treatment is that insufficient attention is paid to

t he zero-order state which is being perturbed. The infinite uniform medium cannot have

a gravitational field, as there is nc direction in which it can act; yet Pol=:-on's equation

demarnds that there be a gravitational 2ield with a non-vanishing divergence. But if, more

realistically, one considers a finite, roughly spherical aloud, in equilibrium under its

6un thermal pressure, then from the virial theorem (see later)

T - A

where the total kinetic energy T e M c S1- is the gravitational energy, and

M and . are the mass and radius of the cloud. Thus

being the mean density; and the critical length (4) is

Clearly, then, one cannot apply the Jeans analysis, which assumes a uniform zero-

order density, to disturibances of wavelength comparable with the background scale-

height. The analysis is valid only for wavelengths much less than the radiuvs,

yielding just sound-waves slightly modified by self-gravitation, but no instability. If,

on the other hand, the temperature and density are such that the Jeans length is much less

than the radius, then the cloud must be contracting, and the instability problem must

be reconsidered. Jeit.r ý:i.2melf was aware of this difficulty: he admits that his treatment

is relevant only if the gas cools in a time much shorter than the gravitational free-fall

time. Such a possibility "ias been envisaged recently by Hoyle, in a discussion of galaxy

formation. Otherwise, we are forced to admit the overall collapse of the gas cloud, and

study the instability problem against a freely-falling background.

1.2 The initial collapse of a gravitating cloud.
3 4The following treatment is due to Ebert, Bonnor and McCrea. Consider a cloud

subject to an external pressure p. The virial theorem (first derived by Poincare) states
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[ = gravitational accLeration,

= surface element with an inward-directed normal.

v = volume of cLoud

I = ICk= V"moment of inertia about
"the origin,"

= kinetic enery

= sum of thermal. turbulent and bulk motion energies.

The theorem is derived by taking the scalar product of .Z with the equation of motion

of each particle, and Tnen sunming. The forces due to collisions between particles cancel

except for those between surface particles and the external matter, which are absorbed into

the pressure p magnetic forces are temnrorarily ignored.

In equilibrium od- / 0d for equilibrium to persist I /d •-- 0
so that a necessary (but by no means a sufficient) condition for equilibrium is

Here p has been assume% uniform aad the surface integral transformed byGaus's theorem;

and

(-gr.-AV = gravitational energy. (! )

It is clear that in a steady state any macroscopic kinetic energy must be turbulent or

rotatory. Ifi T is purely thermal, and the gas is monatjMic,

T internal energy 2- M - 3 1  "j

where is a absolute temperature and the mean molecular weight. Bonnor's "modified

Boyle's law' is then
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Now consider p tc be steadily increased, isothermality being maintained by radiative

loss of e.•rgy of ccpression. Then

Hence there exists a maximum ?c to the externa. pressure which the cloud can withstand,
after which gravitational collapse starts. .7ne critical radi~us P•c is necessarily

somewhat larger - by a factor two - than the critical radius given by applying the virialm

theorem without the external pressure (equation 4). For 1> • c - there.

exist also equilibria with < R c but they are unstable and so of no interest.

The importance of keeping in the external pressure term is not because of the change

in the critical radius, but because it keeps the problem somewhat !loser to reality.

The exact solution of the Ewen equation to the isothermal gravitating gas sphere does not

yield a zero density at a finite 4istance, so that an external pressure is required to keep

a cloud of finite mass in equilibrium. Further, current ideas on cloud formation require

an external compression - e.g.from an expanding H I) region within a galaxy, or from hot

intergalactic gas on the cosmological level. A violent enough compression will bring I

about gravitational collapse; otherwise the cloud will re-expand and try and reach

pressure equilibrium with the low density, hot, inter-cloud gas.

The effect of a strong centrifugal field will be considered in Section •. I.
A turbu:Lent field will also contribute to pressure balance, though in the absence of an
energy :;upply to keep the cloud stirred up - e.g. a hot star - the turbulence must decay,

its energy being thermalised and radiated away. In fact if the turbulent pressure is

to exceed the thermal, the velocities must be supersonic, so that rapid dissipation in

shocks :.s to be expected. This seems to be suppozted by measurements of line-widths,

which in6icate subsonic random velocities within individual clouds, (as compared with

t, e sup•rsonic , 1locities of clouds relative tc each other). Thus turbulence should not

alter the order of magnitude of the conclusions. Its importance is rather that it

necessarily provides a field of density fluctuations which are essential to the break-

up of ar isothermal contracting cloud into stars - see Section 1.4.



vr•

So &ar we have assumed a fixei,uniform temperature for the cloud. A fixed external

pressure can become critical and so cause collapse if the cloud systematically cools below

its initial temperature - e.g. because of a sharp increase in the fraction of hydrogen in

molecu2lar form, itself brought about by the initial compression. It is also possible that

such co ling occurs locally, so allowing further compression and ultimate gravitational

colla-; e of a mass of stellar order, while the cloud as a whole stays in equilibrium.

Howev, ", this seems a rather exceptional case, as compared with the break-up of an iso-

thern L cloud that is itself collapsing.

1-3 illapse without fragntation.

3uppose now that the critical pressure is exceeded, and the cloud contracts. The

con, ession of the gas generates heýat, which must be radiated if isothexmality is to be

maj .ained. Thus in a diffuse cloud of pure monatomic hydrogen, collisional ionization

an' cadiative recombination start near I 0 C ( and keep the cloud temperature

me: ly constant at this value. In a cool H cloud, dust grains and H.ý molecules can

ra, -ate the heat of coppression without the temperature rising much abcve the standard
0 2Xv :.ae of about 100 K, as long as the opacity is low. Then once contraction starts it

-. n becomes gravitational free-fall because the thermal energy stays constant while

-.e gravitational energy increases in absolute -ralue.

Once pressure can be ignored, the equation to the collapse of a spherically symmetric

.;4.'L5 is

Here Y- (M e,-) is the radius of the mass sphere m at time t - m is used as an independent

variable. Taking the special case in which / -- C at • -_ for each r

we find the solution of (14) tc be

- vd-s) "3r)

where
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and.

I - . initial mean density

Thus the mass sphere iv collapses in a characteristic time

inevitably of the same orier as the shortest Jeans e.-folding time. The gravitational energy

released a!: becomes (in this approximation) kinetic energy of inward bulk motion.. In

fact, even bhen the pressure gradient is dynamically negligible, there is altays some heaton

Provided the increasel thermal energy is still small compared. with the gravitational

the free-fallr continues.

It ss;ill greater densities the ovAcity becomes so great that collapse at the free-fall

7ate is cal ly thiabain Suppose that at a radius Rlie the initial radius a 0
theradatve ossiseffectively cut off. In collapsing from R.to R, the cloud. releases

dsiyfrteefeunisithnbitundseoftegravitational energy

the itbesceming macroscopi kinetic energy T, and a negligibtt e fraction being

Ath a lly geater anderadiateds aay. As by hypothesis collapse n e frd. , is
Date , i t essentilly bdhaltedif Suthere ethists a radius R2 < at which the internal

energy r itive u the adiabatic coLfapse, has absorbed. both • and the furthed release

of gravitational energy ( 1-42 i.e. the internai energy at is.~~~~~~~~z zit wil behledi heeess aiu
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However, for . to be an equilibrium radius, the thermal part of the internal

energy must satisfy the virial theoren

(the surface pressure contribution being clearly negligible at these much higher densities).

As usual

(Y-0)

so that in equilibrium

Thus the actual internal energy IIa given by (i), exceeds t1ý value for dynamical
equilibrium, given by ( if

-_ ) - ~ fh'~

or

S adiabacy takes over only when R - so that -r,,/-"- I.. -condition

,--() is effectively 4 >413.) The cloud has then too much energy to stay in dynamical

equilibrium at kZ , and so it bounces back. As the kinetic energy of oscillation is

dissipated - e.g. in shocks - the cloud tries to approach equilibrium at a radius

given by (%j) with U' L,-c -SL

52--.T• . t•a)
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With Y not too close to this radius is of the same order as Ro; e.g. with
5-J! it is R,/2, and is therefore likely to be greater than

Thus the equilibrium radius - given by assuming that all the gravitational energy released

is thermally dissipated but not radiated away - yields a radius at which the cloud is not

opaque; much cf the thermal energy required to hold the cloud up would be immediately

radiated away, and the cloud would collapse again, but with less energy than before.

Clearly, (still on the assumption that the cloud d/es not break up into sub-condensations),

dynamical er,ýilibrium will 'e attained only when so much of the released gravitational

energy has been dissipated and radiated y that the equilibrium state is dense and

therefore opaque: i.e. at a rtdius less than R, . Subsequent contraction takes place with the

cloud in hydrostatic equilibrium, at a rate determined by the energy leak down the

equilibrium temperature gradient - Kelvin - Helmholtz contraction. The gravitational

energy released supplies the surface loss and heats up the cloud to the value required

for equilibrium.

if 4/ the internal degrees of freedom of the gas absorb too much of the

released gravitational energy far the collapse to be halted (cf. Eddington 6 ): the

cloud is never able to transform its inward kinetic energy into internal energy, as required

if the contraction is to be reversed at R2. . As an example, consider a cool dense

opaque H T_ cloud, contracting slowly because of the strong absorption in the infra-

red by molecules and dust grains. As the temperature slowly rises, molecules dissociate and

dust grains volatilize, so reducing the opacity; and near 104 0 'K ionization of hydrogen

begins, foriing Y lown to near unity. Thus even if the cloud stays opaque the absorption

of energy by collisional ionization will temporarily allow the cloud to fall freely.

1.4 Fragmentation.

A crucial part of the argument of Section 1.3 is the assumption that the cloud

contracts or expands as a whole, without breaking up into sub-units, so that it is reasonable

to talk of oscillations of a gas sphere, and, in particular, to expect kinetic energy to be

rapidly dissipated in shocks. But the mass of a gravitationally bound galactic cloud is

far above stellar order: for example, with & = I OZ 6 and f -- I O m H -

a rather dense cloud - the critical mass for collapse is *--- (- . Althouglh it is

possible to imagine extreme circumstances in which an interstellar globule of stellar

mass is compressed until it becomes gravitationally unstable, it is far more plausible

that most stars are formed in clusters by the fragmentation of massive gravitationally bound
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clouds of initially low density. Subsequent slow disintegration of star clusters feeds the

general star field. The much greater mass of globular clusters as compared with galactic

clusters suggests that the primeval galactic gas had a much higher temperature - say

1 K 4 than the 1000 or so estimated for present-day clouds, so that only

very large masses were able to contract and form a star cluster.

If fragmentation could not occur, then we should have the problem of the ultimate fate

of a gravLtationally bound cloud of mass 250 C) or more that continually contracts, heating

itself r.p and r-zu.ating excess energy. As it is, we want to find a dynamical lescription

of the formation of sub-condensations; our object is to produce from the cloud a "gas"

of blobs of small collision cross-sections, maintaining their spatial distribution because

of their kinetic energy. By break-up into blobs that interact elastically, the natural

tendency of the system to dissipate its energy is sharply cut off.

Hoyle first pointed out thai under isothermal collapse the condition of gravitational

binding holds for progressively smaller masses. Thus if initially

sc that gravitational collapse is just possible, then since • and with

* constant, gravitation becomes dominant as decreases, as already noted.

Thus when the whole cloud has radius R) • " ioC / iA and a blob of radius can

be gravitationally bo-und if

1J

and the mass of such a blob is

~'-or -~



where M is the cloud mass. Thus if RIMIa MuM az,>/ R. 4V1/3
the cloud "can" break up into five gravitationally bound masses once its density has gone

up by about 27. Hoyle shows that during the contraction of the cloud by about a factor

1/5, the near balance between gravitation and pressure ensures that most of the gravitational

energy released is dissipated thermally and radiated away; but subsequent collapse of the

cloud as a whole would generate a kinetic field, which if not dissipated would be strong

enough to re-expand the cloud - essentially as in Section 1.5. But the formation of

sub-condensations - each with an internal pressure field initially comparable with its

self-gravitation - enables much more energy to be dissipated. Hoyle thus pictures a

hierarchy: as each fragment collapses isothermally, sub-condensatiorsform within it.
The process is halted when the opacity is too high for the isothermal approximation to
be valid, and the final fragments contract at a rate determined by the energy leak down

their equilibrium temperature gradients.

A number of objections can be raised against Hoyle's scheme and his arguments for

it. There is a logical hiatus between "can" and "will": the fact that a blo-b would be

gravitationally bound even if it were not part of a larger mass does not prove that it

will in fact separate out from the collapsing background. On the contrary, if the cloud

remained, e.g., a strictly uniformly dense sphere, then no fragments would form. One

needs to emphasise that there will inevitably be a field of pressure-density fluctuations

of all wavelengths up to the cloud radius - "longitudiual turbulence". The problem is then

to give dynamical reasons why fluctuations of large enough scale should be amplified more

rapidly than the mean background density. Appeals to the necessity to dissipate energy

are not convincing unless suppnrted by a dynamical model. Further, although dissipation

inevitably occurs, we have noted that in order to end up with a star cluster of finite

radius, we require that dissipation be cut off by the very process of star formation;

e;phasis on energy dissipation is therefore misleading.

Consider, then, a density fluctuation within the contracting cloud. If the background

motion could be ignored, the Jeans analysis yields as the vertical length for amplification

Thus o. IL so that the Jeans length becomes a smller and smaller
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fraction of the radius as contraction ensues. This is just another way of stating Hoyle's

point that the minimum mass allowed oy the virial theorem decreases under isothermal
contraction, and does not itself prove that such a bloo will separate out from the

contracting background. However. one's first guess is that a local density excess will

cause a local gravitational pull towards the center of the blob, so tnat tne local

density goes up more rapidly than the mean. This argument has been cnallenged on time-

scale grounds. The time of free-fall of the whole cloud from an initia± density f% 4a_•
() 4Within a blob the pressure gradient wiii be necessarily larger wxaxn i- the whole

cloud, aud will therefore reduce gravity somewhat, but for wavelengths weli auove the

instantaneous Jeans -eigih this can presumably be ignored, so t±at zne time of collapse

of tue blob due to its seff-gravitatLon is -4 L• ? - wnere (T. + t

Ls the initial density of tw blob. -L Cqf/f) '° - so Tiýat smail

perturoation theory is applicau.e - tne two times are almost identica±; nence it is areued

thaT fluctuations wili not grow more rapidly than the mean background density.
However, this argument depends on misusing the idea of a "free-fall time" -

the time in which the density of a collapsing blob increases by a substantial factor.

The near equality of the two times. for the cloud and for the small blob within it.

means not that the blob cannot separate out, but that one must wait a time of the order

of the common free-fall time before the extra self-gravitation of the blob manifests itself.

As an example, consider a collapsing uniform sphere, of density • and a sub-

sphere within it, of density U71 ' . The mean gravitational field yields the same

relative inward acceleration for each element - in 13 ) is by hypothesis the

same , I for each mass sphere, so that the associated parameter 0" and

therefore , are functions of time only. Thus the backgroun. gravitational

field does not disrupt the blob. As we are concerned with tLnes near the end of the free-

fall of cloud, we replace - by 4so tat the mean density is by I, fA.

and X' at time t satisfies

YI 11

&- -- - *.. * - -_ .... -
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Introducing a similar parameter 8 - to describe the density of the

blob as a function of time, we have

.0ý 1 2 - '3

Uence

so that even if (s/ /&I the local density has become large compared

with the mean when

-#13

i.e. when the relative contraction of the cloud

For example, if ( g/ •)•- O The point is that the relevant

independent variable is not the time, for gravitational collapse acceleratesrapidly. but

rather the degree of contraction of the whole cloud. The singularity in (-31) when

means that once the free-fall time has elapsed the fragments rapidly acquire negligibly

smell cross-sections. If, as is more plausible, the density fluctuations present are

not small, then the separating out of blobs will occur earlier during the collapse.

Crucial steps in this argment are (I) the choice of wavelengths large compared

with the instantaneous Jeans length, so that pressure is ignorable for the blob as well

as the cloud; (II) the recognition that the mean field is not disruptive in a spherical

system. This "tidal effec:t" of the mean field is the r zcond argument that has been used

against fragmentaion. In a less idealized problem one would expect that even if the

cloud as a whole is collapsing roughly spherically, the departures frcm strict spherical

symmetry would probably mean that the mean gravitational field is able to prevent amplifi-

cation of some smell density fluctuations. If the local mean field changes its direction
-12-
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sharply across a blob of scale t. the disruptive force could be as large as

.he blob would then be able to grow - against thc mean bAckgroUDO. - on+ n= .. F-;e.
only if the perturbation is "large%. 11owever, one does not neec. th( L"-amentation

process to be 100 per cent efficient. and it is difficult to believe that in a cloud which
is collapsing roughly spherically, the possible tidal disrrption vould be the dominant
effect, especially as there is no physical reason for limiting the density Verturbatio-3 to

a small fraction of the mean.

A rigorous treatment of t1 -e instabilities in a freely-falling,uniform isothermal

sphere has been given by C. Hunter. He consides-n a small arbitrary perturbation, which

has both an irrotational and a solenoidal part. He confirms that the "tidal" term is

not disruptive, and that the rough treatment given above does predict correctly the

order of the mean density at the epoch when the blob has effectively separated out. If

pressum is initially important-khe perturbation considered has a scale less than the

initial Jeans length - then at first the density oscillates" but as the mean density goes

up secular amplification takes over. The separating out is delayed but not prevented:

perturbations which are initially "stable" ultimately become unstable. Further, ampli-

fication occurs only when the self-gravitation of a blob is large compared with the blob

pressure gradient, in agreement with our rough treatment, but contrary to Boyle's

argument that fragmentation allows the cloud to dissipate significantly more .nergy.

Hunter also considers the non-isothermal problem. I# I -- V - 4- a

the pressure term is asymptotically negligible, so that the pressure-free solution is

ultimately valid. If 4-3 4 4/3 the solutions are oscillatory, with

amplitudes and frequencies that increase with time. If 4" J perturbations with

wavelengths initially less than the Jeans length also yield oscillatory solutions.

It should be noted that the epoch - measured by the appropriate parameter, the radius

of the cloud - at which a perturbation has amplified significantly depends on the

S perturbation strength. Thus although the length scale must exceed the instantaneous

Jeans length for secular amplificatioL, it does not follow that Hoyle's hierarchy is the

correct picture. Rather the mass spectrum of the self-gravitating blobs that form
depends on Ube spectrum of the longitud-,-al turbulence present im the cloud. If the

turbulent .kinetic energy is concentrated in the smaller wavelengths, then their more

rapid growuth, once the Jeans length is small enough, may more than off-set the earlier

st<•t of the larger wavelengths. Any lo-zal cooling will further aesis collapse of small

blobs. Glase•vationally. the hierarchical picture seems to apply mo: to a cluster of

Z galakies, each with its stellu-,r sub-systems, than to a star cluster.

-15-



If the perturbation field had too high a degree of synnetry, all the blobs would

ultimately coalesce near the center, and mthiig vould be gained. However, even if the

cloud as a whole has zero angular mmentum, the perturbations in the velocity field

will in general edo each fragnent with soe angular momentum. about the cloud's mass-

center; and as the fragments rapidly acquire very small cross-sections, the kinetic

energy that keeps the cluster of finite extent is not destroyed by collisions. The only

doubt that arises is whether the random gravitational fields associated with the density

small cross-section would be seriously impeded, thus increasing the probability of

energy destruction by collision'. However, the neglect of the angular momentum in the

cloud is highly unrealistic, so it is anyway unplausible to extrapolate the theory to

indefinitely high mean densities. The value of Hunter's work - apart from its clarifying our

ideas on a classical problem - is twofold. First, it may very well apply to the initial

stages of the contraction of a cloud of finite angular momentum, before the problem is

fundamentally changed by centrifugal force becoming comparable with gravity: e.g. .t may

describe the break-up of the primeval mLta-galactic cloud into proto-galaxies. Secondly,

when dealing with further complications, such as magnetism, it gives one confidence to

bridge the gap between "can" and "will"; one expects that density fluctuations of a

scale substantially larger than the rinimm set by the appropriate form of the virial

theorem will always be able to grow against a contracting background.

1.5 Accretion by ireviously formed stars.

Gravitational accretion differs from gravitational instability, in tnat it deals

with the effect on gas, presumedto have negligible self-gravitation, of the gravitational

field of a star already formed. The process is most efficient when the star is moving

through the cloud at a speed much less than the sound speed C. (t7 I- 1,,0  K).
Then if again magnetism and angular momentum are assumed innocuous, the gas flows

approximately spherically towards the star, and the rate of increase of the mass M
of the central star is

C-gBondi radius..

the density frcm the star.,

- 14 -

3



ahd is a p.arameter of order unity, its exact value depending on the effective value

of for the flow. For isothermal flow this formula can be derived approximately as

follows. Near enough to the star, the gas flows under the star's grwivitation unimpeded

by pressure, so that its speed V at radius y is given by

V

ifn a steady state

T constant accretion rate)

so that the pressure gradient per unit mass is

by (. Thus the pressure term ceases to be small compared with gravity when

or r , / at which radius by (3S), V C - Beyond r it

the inertia of the flow is negligible, _ f• , and v _ c (r/ within

rt 3  1(2/. T.ae accretion rate /4r 'L PT Yfa c
in order of magnitude agreement with Bondi's accurate formula (').

th e and / then (4 shows that

the accretion rate is sufficient to build up a massive star in a reasonable time. But

a bright star moving into a cool Hi T cloud tends to build up a hot zone of ionized hydrogen.

Even if the hot sphere achieves dynamical equilibrium with the surrounding cooler

matter, so that inflow starts up the pressure of the gas, now at 10 ' will cut

down the accretion rate by a factor of at least 1 0 more if the density has been

reduced by the establishment of equilibrium. The only way for accretion to occur at the

maxJmum rate is for the Str&mgren sphere to be kept small - somewhat less than the Bondi

radius computed for C the sound speed at Ir& t"< . This will occur if the

density near the star is much higher than the dens:..ty far away - so that tne extinction

-15-
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of ultraviolet light is greatly increased. This can be achieved if the star is initially

of low luminosity, so that it can build up its accretion density-velocity field. A
small Stringren sphere is buIlt up; it gradually expands as the ultra-violet flux increases

with the mass of the star, until at a critical na s - depending on the mean density of the

clooud - the H 11 zone explodes, and the cloud is effectively exposed to a newly-born

0 or star.
This process for producing 0 and 3 stars effectively separates the problem of the

origin of these relatively few bright (and therefore short-lived) stars, from the origin

of the far more numerous stars of moderate mass. Such a separation was more plausible

ten years ago, before we had convincing evidence - e.g. from H- diagrams of young

clu:ters - that the whole luminosity function is being formed "today", long after the

condensation of the bulk of the galactic gas 5-0I •IC1 years ago. However, there is one

theoretical reason for taking note of the accretion mechanism. A good deal of current

S work on the dynamical consequences of the heating of interstellar gas by 0 and ' stars

does apparently demand that the stars be suddenly "switched on". It is, however, not

clear that a contracting lproto - 0 or ' star approaches the main sequence quickly enough

for its ultra-violet flux to start in a time comparable with the dynamical time-scalec
4 13

demanded - e.g. with the 10'years that Kann and Menon find for the age of the Orion nebula;

whereas on the accretion model, the ultra-violet flux is available as soon as the snall

Str8mgren sphere is forced to expand.

However, the estimate of the accretion rate we have given is the best possible - we

have ignored factors such as magnetism and angular momentum that certainly cause

difficulty. Even so, as pointed out by Kahn, we cannct ignore the dy-amics of the cloud

in which the star is embeddei. Bond.il = forx-ala (3) -elds the time

for the star to double its mass. Now suppose the cloud is gravitationally bound, but

still fairly transparent, so that it is collapsing in a time C (
Then the accretion time-scale is less than that of gravita ional collapse only if

i.e. if M is J ttm rass in Bondi! shere; in whi 2h case we are dealing with collapse of

the cloud unders its own gravitation - the mass of the star is merely a small perturbation.

-16-
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On the other hand, if the cloud is not gravitationally bound, but is expanding at the speed

of sound under its own pressure, then

R being the cloud radius. The condition that the accretion time be less than the

expansion time R/f reduces to

C 2

approximately- i.e. the Bondi sphere embraces the vhole cloud, which therefore cannot

contain more than a fraction of the stellar mass. Only if the cloud is prevented from

disrupting by an external pressure could accretion be significant.

There is one further possibility. Suppose the cloud is gravitationally bound and has

collapsed far enough for some small proto-stars to have formed, but it is now opaque

enough to be kept in approximate dynamical equilibrium by thermal pressure. Then although
further sab-condensation is prevented by pressure, the proto-stars may increase their

mass by accretion; as shown by Bondi, gas can flow into the local potential well due to

the star's gravitation field, even if the opacity is high enough to keep the flow

adiabatic. With Y- 9-/3 the parameter in Bondi's formula (34) is

If the cloud of mass YFj and radius I is in equilibrium,

and

0 3 (44)

the accretion rate is then
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tlte increase in the cloud density more than off-setting the increased sound speed.

For example, if the cloud of mass / 8 C is kept in equilibrium by a temperature

of 1 0% K. - at a radius of about 1/2 parsec - the maximum accretion rate is two orders

ofmagnitude above the rate in a cloudat I)0 a ( anda densityof 101 M, /e.0.

It is therefore possible that the formation of the massive stars in a cluster may

occur in two stages -gravitatiozal instability followed by accretion. An expanding

association can arise if only a fraction of the cloud is able to condense into stars. If

enough 0 or 1 stars are formed - either directly or by accretion - to heat the

uncondensed gas up to 1 ' K( and so blow it away, then the mass condensed into

stars may not be able to stay bound, so that the whole association expands.

1

iA
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NU 2. Angalar Momentum and Magnetism - General Considerations

In Chapter 1 we discussed the circumstances tnat are most favourable for star formation.

The problem was comparatively simple, in that the forces acting - pressure and gravity - are

essentially isotropic. Even if the perturbations have a rotational component, Hunter's

analysis shows tnat tne initial growth of tne rot'tional part - due to conservation of

circulation under the mean flow - is slower than the growth of the irrotational part-

due to the self-ravitation of the blob.

We now discuss in general terms tne consequences of intrinsically non-isotropic

properties, angular momentum and a magnetic field. Here each is studied separately; in

Chater L Le consider their jot n:: effect and their mutual interaction.

2.1. Rotation - its overall effect.

The most striking consequence of tne centrifugal field i- a cloud th__ conserves its

angular momentum is Ats limitation of isotropic contraction. For consider a gravitationally

contracting sphere of mass M, radius R, and an angular velocity 2 tuat must satisfy

Z R2 - constants (i)

S Then in spherical polar coordinates (sgO) based on the center and the rotation axis,

the ratio of the centrifugal force to the opposing component of gravity at (1PQ#)
is

which inevitably approaches unity as R\ decreases. If the sphere is non-uniform in density

but rotating uniformly, centrifugal balance for each sphere ni.(r) is reached when

where again S ) is the mean density within .

As an example consider a cloud taking part in the local rotation of the galaxy ( |.

Then if 0ý IO 62 a so that if such a cloud is

gravitationally bound, its spherically symmetric contraction will be halted after its radius

has shrunk by about 1/500.
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The custoory formulation of this result is as follows. The centrifugal parameter

SI (4)

lence in contracting fro m I2 t i • . (a rough -ain sequence value),
v) for a sphere increases by JC37 If the sphere vere to reach the main sequence, the

rotational speed at its equator would increase by the same factor. The radius of a blob

Of MMsa at a der~sity -13 i(/ 7 -k- 7 I . r)--., so that the initial

;rotational speed is =__ _7.r I 12 cm/sec; hence at the main sequence the blob would have

an equatorial speed at the surface approaching that of light. The reductio ad absurdum,

however, derives not from the words "speed of light," but from the enormous centrifugal

forces that, as already seen, would not allow spherical contraction beyond a radius far

above a main sequence value.

As the coCponent of gravity parallel to the ayis of rotation is not reduced, the sphere

must begin to flatten, with the gravitational energy released becomipg initially kinetic

ene:.-y of L -motion. The problem of t he subsequent break-up of such a cloud is

postponed; here we note that the asymptotic structure of the rotating cloud again depends

strongly on how much of the gravitational energy released is dissipated (and radiated away),

and how much is retained as the kinetic energy of sub-condensations.

If the Z -energy that is undissipated is small compared with the rotatory energy,

the cloud will approximate to a flattened spheroid or a disk. The most obvious application

of this case is to the disk-like galaxies. To study their overall structure, it is

convenient to idealise them as infinitely thin and axially synmetric. The s-Lplest case

is that with the mass per unit area given by

and
where is the radius and Z5 radial distance, PL!onstant. It is well know that
-such a disk is maintained in centrifugal equilibzium by a uniform rotation JZ 0 whvre

2



It is clear That the disk (•) arises if a uniformly rotating sphere of uniform density

is flattened, and distances in the plane are all changed by the same factor, with each

element of matter conserving its angular momentum.

However, in addition there exists another equilibrium state, derivable from (fl

and (,) by a non-uniform contraction, in which again each element conserves its angular

momentum. In the inner regions the transformation is

yielding the approximate area-density la'

M' _ constant 
JT ir

and rotation law

~ MI~)I~ -constant. ci

Whereas in (-) the gravitvational field depends critically on the mass outside the radius

c onsidered, the field in (•) is approximately Keplerian: i.e., derivable by ignoring the

mass outside and concentrating all the mass within at the center. It is

remarkable that these two equilibrium states, one with solid body rotation and one with a

nearly uniform rotational velocity, can both be "derived" from the primeval uniformly

rotating, uniform sphere, under the constraint of strict detailed conservation of angular

momentum. Each disk appears to be stable against small perturbations tending to transform

it into the other disk. Which state the primeval cloud approaches presumably depends on the

large-scale perturbations in the initial near-spherical state. The results are of

particular interest because of recent observations by the Burbidges and Prendergast.

They do in fact find that most of the disk-like galaxies divide sharply into two classes,

one with approximate solid body rotation, and the other with approximate uriform rotational

-speed over a wide rarex (e.g. our own galaxy and Andromeda).

However, besides the disk-like galaxies there are the ellipticals; these also presumably

have a net angular momentum, but the much greater mean-Z-dispersion of their stars
implies that more of the gas condensed into stars before much-Z-energy dissipation occura,
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Within our own galaxy, t'he only highly flattened system we know is the solar system: star

clusters may show some ellipticity, but certainly not a diek-like structure. Thus at

the same time as we attempt to build stars within a rotating cloud, we have to explain the

different ultimate structure of systems all erdowed with a dynamically significant angular

momentum.

2.2. Sub-condensation in a rotating cloud.

Consider again the uniformly rotating sphere flattening parallel to the axis, so

that its spin -S stays constant. Imagine a spherical blob within it, of rp.eius f

separating out from the background. (Again we ask first the question "Can it condense?", and

later, "Will it?") Then if the background density has increased to _ the ratio of the

centrifugal force of spi to the oppob.>ig component of the blob's gravity is

i.e. it is again the parameter f of (4). Thus, as expectedwhen the overall centrifugal

force is able to halt isotropic contraction of the whole cloud.- r-- - so it also prevents

a sub-sphere from separating out. But once significant flattening has occured (I 6:ý:

then a sub-sphere massive enough to overcome its thermal pressure can begin to contract

isotropically. Thus suppose the sphere has collapsed uniformly parallel to the axis, so

that a cylindiical section of the sphere originally of length 2L radius V ,density ,5
and mass .1 has become effectively a sphere of radius V and of density • .

Since

L r~

then

(factors of o-der unity are dropped in this rough treatment), If g is the density at

which centrifugal balance holds - I - we have

i/4



Thus the 3reater the f±aamtening the smaller is the centrifugal parameter ) so that the

sphere V can contract correspondingly further before in its turn it feels the effect

of the increasing centrifugal force of spin. But this softening of the effect of rotation is

achieved - in thiS "cylindrical" geometry - at the cost of a corresponding reduction in

the mass of the sphere. For example, suppose we require that the sphere is to contract

to a main sequence radius Y-, (for which ), still "-onserving its angular

momentum, but without centrifugal force becoming too large. Then

IW
so that

.I

where (i3) a"" ('4.) have been used. The mass of the sphere is i
L I

Thus the larger we require • to be - or the greater the degree of contraction - then
the smaller is the allowed mass of the sphere.

As an extreme case, imagine all the nass of the galaxy spread over a uniformly rotating

primeval sphere, of a radius such th.t vith the prescribed angular momentum, the sphere is

in centf-iLugal balance ; is then o-IO-74 and the radius C,2X D _)Ipcr

Then if (i$) is to hold (with • • | ) (v-L ) < It)- so that Y.- I0

* parsecs (taking 10 kpc for L - an upper limit). Then by , I < ( /1 .

Thus even with the most extreme assumptions it is impossible to build in this way any

but very faint dwarf stars. The situation is no better for present-day gas clouds. Any

body formed in tnis way, and of mass substantially above G'i0, would itself flatten to a

disk before reaching the main sEquence. If the body has become opaque enough to build up

a strong thermal field, then it will probably become rotationally unstable and eject
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matter from the surface. Igaoring this, one can imagine a new hierarchy forming, in which
of

the smallestblobs perform a sort epicyclic motion: they orbit around the mass - center of

a disk-like structure, which itself orbits around the center of a larger disk- etc.

One is tempted to conclude that these results are again a reductio ad absuidum if the

assumptions. However, although we cannot build stars even of moderate mass in this way,

and so must explore different models, it does not follow that such cylindrical contraction,

followed by spherical collapse, does not occur. We cannot assert that the gas in a

gravitationally bound cloud must either condense into stars (getting over, somehow, the

angular momentum difficulties) or remain uncondensed. It is not inconceivable that when

the disk population formed, a substantial fraction of the gas broke up into masses of

planetary rather than stellar order. Such bodies would be observable only through their

integrated gravitational effect. The work of Oort and his collaborators has shown that

the estimated stellar and gaseous components in the solar neighbourhood do not exert

enough gravitational force to explain the observed distribution of 1<-giants above the

galactic plane - an extra 30 per cent is needed. Unless the proportion of molecular

hydrogen (undetectable by 21 cm. measurements) is much greater than the atomic, then it

does seem that, at least near the sun, the luminosity function should be extended to

much lower masses. And although we shall try to see how stars can form in spite of the

angular momentum difficulty, one cannot be sure that the suggested processes always operate,

-go that we can ignore altogether the straightforward cylindrical collapse that leads to

the ultimate formation of small masses.

Suppose now that after our rotating sphere has flattened, a spherical blob is formed

by the agglomeration of the mass in a section of a torus of radius e, and of mean

distance R from the axis of rotation. If the

length of the segnent is "C4 v-where <• • <21 /the

mass of the sphere so formed is

Again iguoring any shear, we have that the sphere will orbit with the local angular velocity

and also spin at the rate S1 before it begins to contract. The advantage of this geometry

is that much larger masses can form than by simple cylindrical collapse, without running

into centrifugal trouble during the approach to the main sequence. For at the main

sequence we have, instead of (15),

-24
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Si)

so that (it) is replaced by

# ( - )i,)

approximately, and

Since in principle could be as large as there could appear

"a large factor (L/r' in (a). Thus masses of stellar order could condense even with

" substantial reduction in L -we need not require that the whole height of the section

of a cylindrical ihell becomes part of just one spherical mass.

2.3. Dynamical problems in a rotating, non-magnetic cloud.

So far we have merely looked at different geometries of condensation to see which could

yield a mass with low enough spin for substantial contraction to be possible. We now

return to the systematically flattening, uniformly rotating sphere, and discuss qualitatively

its possible instabilities.

As in the problem witho-at rotatiou, one can treat simply the idealized case of an

infinite unform zedium of density with the additional condition that the whole

medium ý_ates with uniform angulr velocity &L . Chandrasel/har solved the "Jeans"

problem for this case, ui ng a frame of reference rotating with the medium. He showed that

except for waves travelling perpendicular to the axis, the Coriolis force does not affect

the Jeans criterion. in the exceptional case, the waves are stabilized if &-- ,f > I
if - /. | the Jeans criterion is adequate. However, again one can

consider these results only as suggestive, confirming our earlier conclusions as to when

rotatian dues not positively impede initial local density growth; but as soon as we

depart from the physically dubious infinite medium, we are forced to admit that the
cloud is itself collapsing parallel to the axis.

- 25 -
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The zroblez is in one respect simpler than the spherical case; for given a finite

pressure p (either thermal, -Lurbulent or magnetic), the collapse towards an infinitely

thin disk is haltea at a fi:-.iLe - If - the equilibrium semi-

thickness is Fpprcx_,rately

-just the order of the Jeans length. Hence provided the cloud dissipates enoughL-energy

while staying uncondensed, we can define 2 steady state - the rotating disk - to which

ordinary stability analysis can be applied. We begin by discussiigthis case.

Chandrasekhar's analysis is not valid here, since the scale of variation in the

-direction, so far from being large compared with the wavelengths considered, is of the

same order as the Jeans length. However, one can see at once that in the flattened state

Coriolis forc: is small compared with the perturbations in gravity. A density perturbation

is related to a perturbation velocity v by the equation of continuity:

9V (24)

Here r1 is the time of the instability, vhich is at least (•) ; the scale of

var.ation of the unstaole modes is at least • z (the Jeans length). Thus the desired

ratio is

In the originr-2 spherical state this ratio is of order unity; subsequent collapse parallel

to the rotation axis increases Swithout changing 4-. In fact for the disk approxi-

mation to be valid 71 is much less than the cloud radius I: hence

r1



where t is the cloud mass. Thus provided the spherical cloud is well past the stage

at which thermal pressure is important before it begins to fiatten, we can be sure that the
ratio In• is small.

Ledoux has treated the gravitational instability of such a flattened system, ignoring

Coriolis force; he confirms that wavclengths equal to a slightly modified Jeans length

are marginally unstable. The break-up of a d. sk into rings of scale rather larger than
.21

the thickness has also been discussed. What does seem lacking is a treatment of azimuth-

dependent perturbations, :c e Il (m integral), of scale 1 greater than the

Jeans length. The following rough treatment suggests that the e-folding time increases

with at least for torus sections of radius z-j. The gravitational acceleration along

such a torus section is approximately

2Z 7=7

yielding

-V -4

Thus provided is sufficiently aoove -for the pressure to be negligible, the collapse

time increases with t :tnere snould be a length of tne order of l though somewhat larger,

that yields minimum t-ioldirg time. it is therefore unlikely t1".t ;.he torus condensation,

discussed in 2.2, will occur simply by gravitational instaoility: rather one expects

approximately spherical blobs to separate out aud begin to contract. Subsequent collisions

uetween such blobs, due to perturbations in tneir orbital velocities, could conceivably

lead to agglomeration and tne build-up of larger masses uithout muca spin angular

momentum. Bur if tue disk is very tain - low Temperature - so t,,aT /7F Df -

une spherical blobs ca,, acquire a very small cross-section before tneir spin interferes

with their colaapse. so that the cnance of mutual collis.Lo.Is is much reduced.

It should be noted Tnat non-uniform rotation introduces consideraole matnematical

difficulties, as it is impossible to remove the zero-order motion from the problem by choice

of a rotating frame. Physically, the difficulty is again due to the effect of the mean

gravitational field on the perturbation - it tends to enforce the zero-order shear, and so

off-set the effect of the blobs' self-gravitation. However, it is not difficult to

imagine types of motion that will nullify the shear. Thus consider two circles, distant

% and 1-3. from the center, with angular velocities .L and displaced to new radii

- 27-
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01 and 0o1then under conservation of angular momentum, the new angualar velocities

2and 'are equal if

If • must exceed -•• for the unperturbed disk to be
stable against turbulence (Rayleigh's criterion). Hece - i.e. one can

achieve a uniformly rotating ring without forcing the particles to pass through each other.

If ZZ2 ! (the usual case) the cirr]mmove towards each other, increasing the

density. In the uaiforrly rotating ring so formed, one expects instabilities similar to

those in the unifonmly rotating disk.

We now return to the more difficult prcdlem of tae instabilities within the rotating

cloud as it collapses towards the disk-like state. This is the analogue of Hunters

problem for the non-rotating cloud: the problem of the growth of perturbations against

the background density that is itself growing at the free-fall rate. As yet no rigorous

treatment of this problem haz appeared; but by analogy with Hunter's results, one can

argue as follows. Waves with components par-alle! to the axis are in any case unimpeded.

by rotation; one expects that right from the start such perturbations of scale greater than

the Jeans length will amplify steadily against the background; though again if the density

fluctuations are small, the cloud as a whole will have approached a disk before a really

striking corrugation in theZ-direction is achieved. -Further, once the centriftgal

parameter . /_T , 9 has decreased to well below unity, waves of length greater

than X-- prop&&aing across the a-is will also amplify. In fact, once z-[-hn i '• I)

the conditionf 2or a spherical blob to amplify against the background are in one way more

favourable than in the problem without rotation; for the gravitational acceleration in

the Z -direction of the whole clo-,d is proportional to JZŽ) which is constant, whereas

in spherical collapse 13is acceleration increases. As against this, we have that even if

. C 0• - a flattening by a factor 10 - a spherical blob cannot contract

isotropically by more tha.-, about 1/3 before in its turn it is compelieu to flatten through

increasing spin. Though .Tuantitative estimates are difficuit, it seems probable that

collisions between such blobs would destroy much of the i-energy released in the original

collapse. Perhaps also collisions between blobs orbiting in the same ring may lead to

agglomeration into a larger mass with essentially the same spin. All in all, one feels

that a fairly uniform sphere collapsing parallel to the axis will tend to form ultimately

a disk-like system, with small z_ -motions. If this treatment ignoring magnetic forces

altogether is relevant, then for objects of 'high 7-energy to separate ot - e.g. the
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globular clusters in a disk-like galaxy - it appears that the initial sphere should have

at the start strong density fluctuations, so that one does not have to wait for the

-* system as a whole to flatten before any sub-condensation can form. In this way it may be

possible for blobs of small enough cross section to form, so that the dissipation of

energy in collisions is much reduced.

However, except for the possibility of torus condensation, which qualitatively does

not seem very plausible, we are still without a process which gets over the "angular

momentum problem," and allows stars to condense to the main sequence. We now must emphasize

that if we relax the very severe constraint t. -at a contracting sphere conserves all of its

angular mmentum, the problem is much simplified. Fur example, suppose that some mechanism

keeps the spin oi a contracting globule at about s ec until it reaches the radius

after which it conserves its angular momentum until the main sequence is reached. If the

globule hasanass O then r 1 need be no lower than - (• I 0-I
for the zentrifugal force at the main sequence still to be less than gravity. Alternatively,

s ;uppose the sphereforn=2d as in 2.1 by collapse of the cylinder of height 2 _contracts

only to, say. 100 times its main sequence radius, after which angular momentum is systematically

removed, and rapidly eno "A1 to keep the star stable. Then e/1, must be less than V ;- 6 ' ,

and with L the upper limit on the mass is increased to r 'C'JC5

.hese figures illastrate L.ow in principle one can get over the problem as to how a star

can form at a:.-; the nor - subtle qu:estion of the sharp drop at tyrpe F in =ain sequence

rotation is for the moment imored-.

A purely hydroody• ic mechanism, suc.i as that propo6ed by von .:eiz3cker, by vhich

turbfolent friction transfers angriea- iaomentum to a dissipa'ing envelope, runs into

quantitative difficzulsies 'quite apart from the problem of maintaining tui-bulerze in an

S envelope with a Kcpierian rotatlon lav). A more pronising -echanism is nasnetic braking

field lines emanatin_ from a contracting blob into the surrounding medi _.z tend to equalize

the angular velocities of the bleb and the medium. However, before studying this, one

must firstconsider the overall effects of a magnetic field. And even if the magnetic

field should turn out always to be an essential part of any actual process, it is necessary,

if only for comparison, to try and. get clear the dynamics of the evoluation of the non-

magnetic, rotating cloud.

It may be argued that the discussion we have given of the probleam is adequate for a

flattened disk, in which any turbulent velocities must be small compared with the circulatory,

or to a collapsing cloud with only a weak turbulert field. If the turbulent pressure is

strong enough to hold the -,loud up temporarily, then the turbulent velocities must be

comparable with the circulatory. 'With a s t rong vorticity field superimposed on the large-

scale rotation, a blob of matter could find itself by dance with an abnormally low spin;

if the blob is also massive enough, it can collapse and form ultimately a main-sequence

* star, without ranning into centrifugal trouble on -he way.
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A difficulty here is that if the cloud is cool enough for small blobs to be able to

collapse gravitationally, and yet with turbulent velocities comparable with the circu-

latory ( and hence also the free-fall) velocity, then the turbulence must be highly

supersonrc. One's first guess is that its energy would be rapidly dissipated in shocks

and lost, unleso there in a source of energy - e.g. a hon star - that continually stirs

up the gas. A different view has been uged by McCrea, who pictures the cloud as a

collection of "floccules" - small unbound blobs in random supersonic motion. A gravita-

tionally bound mass within the cloud forms ultimately by collisions between those

floccules w!A ch liappean to be moving through the s small volume of space, so that the

body built in this way necesarily has low sin, but high orbital angular momentum about the

mass-center of the iloud. The basic kinemtic idea, that a spherical star need not form

from matter which ims part of a spbc-re in the original cloud, is similar to the c~lindrical

and torus conrlensationz already discussed.

McCrea's model is of great interest, and one hopes for further studies of its gas

dynamics. It ic certainly true that the rotating, strongly-flattened disk is the wrong

model for the origin of star clusters, which through they undoubtedly have angular momentum,

also have strong 2.-motion within the cluster (not to be confused with the Z-motion of

the whole cluster relative to the galactic plane). Presumably the ultimate test of

any theory olf star formation must be the luminosity function it predicts. Just as for

inccmpressiblc turbulence we make :.tatistical hypoSneses whose consequences are tested

experimentally, so it coulu be that by working backwards we --ould get some ideas on the

properties of the supersonic turbulence that "decayed" into a star cluster. However,

with the galactic magnctic field well attested, one feels that one must consider its role

in the problem, especially in view of the well-known magnetic interference with eddying

motion, and its interaction with large-scale rotation.

2.4 Gravitationp1 collapse and fragmentation of a magnetic cloud.

Consider now a non-rotating cloud ,ritn a strong large-scale magnetic field -l
"frozen in": tne possible uncoupling of the field and matter will be taken up later. The

~24L
overall dynamical effect of the field is contained in the Chandrasekhbar-Fermi extension of

the virial theorem (c, (,.))

i -- 2( kinetic er.orCy- 4- L+p )

where is the magnetic part of the Maxwell strew tensor, and is

the total magnetic energy within the volume bounded by S. Thus the internal magnetic
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energy has an essentially disruptive effect - the isotropic magnetic preszure

n/i•rlr more than compensating for the unidirectional tension H/_7F along the field

lines. If the field outside the cloud is strong, then the surface stresses J k help

the thermal pressure -p to stop the disruption, or accelerate the collapse of the cloud -

'mignetic pinching". However, once the cloud has contracted out of the background, con-

serving its magnetic flux, then we can again ignore all the surface terms. We shall there-

fore discuss the effect of the field on gravitational collapse ny ccmparing the magnetic
enr M with the gravitational .a densty g xIO y' ~ with - i •.. Cfr0-'

As an example, consider a spherical cloud of mass M and radius R with H
S" gauss associated with a density |0 vr j S71 L C - V/ •

a rather lower estimate than some workers favour for the galactic field. Then gravitation

can overcome magnetic resistance if

-5,

the factor•lr corresponding to a uniform density. With 1\. 01 '3 3 we find

as a lower limit to the mass that can be gravitational3 bound:

The thermal energy at ( C [ " [- increases this value by a factor of order

unity. its exact value depending on the density of the sphere.

A spherical cloud of sufficient mass will begin to contract. As in the non-magnetic

case, we must aF': whether contraction goes on indefinitely, and if so whether isotropically,

and finall:ý if and when fragmentation occurs. The contraction is determined by the forces

acting, and in particular by tie geometry of the gravitational field, itself a consequence

of previous contraction. To begin, we ignore the dynamical causes of collopse,but discuss

the dynamical consequences of different geometries of contraction. The flux of the

field being conser-:ed, we have

SH £,, ." = constant, ("3)



R being now the radius of the equator defined by the direction of the field.

(a) Under strictly isotropic collapse,tae radius along the field is again R so that

and by(33)

Hence

IkIt

and

J (3-7).

Thus if -- > l initially, so that collapse can start, then the assumption of

indefinite isotropic collapse does not lead to any immediate conflict with the virial

theorem)since -' and -S- increase proportionately. This saould oe contrasted
wbich

with the effect of a centrifugal contribution to kinetic energy, )in a cloud conserving its

angular momentum increases like I-/ rs • and so must ultimately halt isotropic

collapse, as already noted in 2.1. Further, if the collapse is isothermal, the thermal

energy stt.ys constant and so vecomes steadily a smaller fraction of the magnetic energy.

Thus the minimum spherical mass that is gravitatioonally bound decreases towards toe value

(:33) computed for zero thermal energy. However, isotropic change of scale cannot reduce

the mass below this value.so thaz fragmentation is never possiole, wnatever tne degree

of spherical collapse.

(b) Cylindr.cal coitrrctiou - the cloud contracts across the fP-eld out not along it. Then

- 2
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-The lateral maguetic force density 1ecomes of order

-tue -±azeral gravitationial force density ' 5jis 'L~ Gauss's tneorem

Tnus tile increasing magnetic force stabilises tue cylinder against indefinite collapse

onto its axis. Thi• is the property used by Chandrasekhar and Fe:ni in their model of a

galactic spiral arm. Since the magnetic force is increased more rapidly than the gravita-

tional, it is clear that fragmentation will not be assisted by this type of contraction.

(c) Flow down the field towards a flattened distribution is unimpeded by the field. If

andand are the initial density and radius of the spherical cloud, then in the flattened

state the density s and semi-thickness -Z satisfy

L4l)
while 1 stays equal to its initial value H0 .

Suppose now that the initially spherical cloud has a mass just above the critical

value M C (n). In neither the original nor in a more compressed spherical state could

a smaller mass - say( - separate out. In the roughly uniform massive cloud, the

disruptive magnetic pressure of -che field within a small spherical blob is balanced by

the compressive effect of the external field-as measured by the surface term in (3&). Should

such a blob "try" to collapse spherically, the increasing internal magnetic force will no longer
be balanced by the external pressure, so that collapse cannot proceed.

However, the situation is radically altered by longitudinal collapse, in which the

aensity goes ;p but the field stays constant. For the condition that a sphere of radius z -

the semi-thickness - should be gravitationally bound against magnetic disruption is by i)

where we note it is still -that appears on the right. But by (41), this condition is

identical with - -
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which is the conditlonpresumed satisfied, that the whole spherical cloud should be

gravitationally bound. Hence after this longitudinal collapse, a much smaller spherical

mass

can be gravitationally bound. Provided the collapse is not halted by thermal pressure, a ratio

z" /3/ - ill enable spheres of stellar order to form.

It should be noted that for a spherical blob to separate out, the mass of the cloud that

collapses into a disk must itself be above the critical value MI c (32) (for alrescribed

Y and o ). Thus suppose the cloud is just above MC, but that only a fraction

44 j of the mass collapses along the field into a disk, so that (4i) is replaced by

Then a spherical blob of radius . will not be bound - a factor will appear on the left

hand of (3. The same factor appears if one tries to make a sphere by collecting

the matter in a sub-disk.

So far we have assumed that the cloud is initially a gravitationally bound sphere: we

deduced the lower limit (32.) to its mass, and then enquired how this is affected by

different geometries of contraction. However, if the cloud has collapsed parallel to the

field into a highly flattened structure, this lower limit is substantially reduced.
Suppose the whole cloud approximates to a spheroid of radius R height

Suppose~~~~~. thahoecou,,,~hiht~ density

S and mass 1. Its volume is V and its total magnetic energy is

At a point within the disk, distant C from the axis, the radial gravitational field is (.40)

hence this component contributes to the gravitational energy (Lq) the

amount

7_ M_
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(The contribution of thea.-component is smaller by a factor ,-• and is therefore

1 dropped). Hence such a disk-like object exerts enough gravitation to overcome its

magnetic pressure if

Written in this way, this condition relates the upper limit to the axial ratio -Z

(assumed small in the computation) to the ratio K of the gravitational and magnetic

energies of the cloud if it were spherical rather than disk-like. This quantity K is a

constant parameter for the cloud - as already seen, it does not vary with p (provided the

field is frozen in). If the cloud flattens indefinitely it can simultaneously shrink in
radius R provided it retains its disk-like geometr, with / '

With the cloud temperature finite, thermal pressure will ultimately halt the flattening

at j givenby (7-)

one
Still1 assumin the cloud stays asy\tructu~re, we find for the equilibrium radius - when

both sides of (1•) balance-

or

where the suffix S implies that the quantities are computed for a sphere of radius K .

As an example, consider a cloud of solar mass, which has flattened isothermally to this

equilibrium state. Even if it is dense enough for thermal pressure (at 100°K) to be negligible,

such a mass could not be gravitationally bound as a sphere, if its magnetic field has the
".trozen-in" strength, (6= W '/ )2 associated with our standard values M •I j 'Ob

In the bound- lattened state, however, we have d -,:

and _ 1'. No doubt before such high densities could be reached, the
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increased opacity would tend to trap the heat of compression, so that the temperature

would rise above its original values of D D k1 and slow up the contraction.

Further, the continued flattening of the cloud makes fragmentation possible: meaning not

that spherical blobs can form, but that from the disk, sub-disks could form, each with

magnetic pressure balancing gravity in two dimensions, and thermal pressure in the

third. The point is that the magnetic field becomes a systematically smaller impediment,

the greater the flattening parallel to the field; and the thermal pressure can always

be balanced by an increase in the density, brougIt about by an adeqve collapse across the

field. For suppoee we prescribe the mass M that we wish to be gravitationally bound:

(remembering that by hypothesis we are dealing with a cloud that does not have enough mass

for any spherical blob to be bound, however much the cloud as a whole collapses along

the field). Then by (32) and (4g)

ac tIat

and

MET.

Again, the rise in opacity would probably slow up the contraction of a smail mass to

its equilibrium state; but given an equilibrium temperature determined by balance between

radiative absorption and emission- e.g. D2- 0 K - then the equations 4 and

S )fix tbe disk-like equilibrium. By forcing the mass to take up a disk-like structure,

tne magnetic field also ensures that zhe blob can reach mechanical equilibrium without

having to acquire a high internal temperature - it never becomes anything like a star.
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2.5 The dynamics of the collapse.

Suppose the cloud is spherical, and of a mass well above the critical mass. The

essentially non-isotropic magnetic resistance is small, so that the spherical gravitational

field keeps the cloud spherical during its collapse. However, if the mass is only slightly

above M c_ there will be a substantial dilution of the gravitational pull across the

field, and a consequent preferential flow down the field. The increase in the field

stnength will therefore be less rapid than the law valid for isotropic collapse;

and at first one expects that because the increase in the lateral gravitational pull is so

much greater than the increase in the magnetic resistance, then nearly isotropic collapse

will follow. However, the new (oblate) structure of the cloud yields a non-spherical

gravitational field that acts preferentially down the field. For example, in a uniform

oblate spheroid of eccentricity 3 corresponding to an axis ratio of I2 the relative

acceleration towards the center of points on the axis is about 2.24 timed as large as that

of points on the equator. As e -- I (strong flattening) this ratio behaves like

Thus once the cloud has acquired a moderately oblate structure - whether

or not due to an internal magnetic field - the gravitational field itself increases the

flattening still further. Only when the cloud is opaque enough for its (essentially isotropic)

thermal pressure to be comparable with gravity would the mass distribution (and hence the

gravitational field) tend to revevtas close as possible to isotropy.

If the sphere is below the critical mass, it cannot stay spherical and bound. The

magnetic force acting laterally tends +r, disrupt the cloud against the resistance of the

weaker gravitational pull; but down the field the gravitational pull is unresisted

(temperature being low). Vithout more detailed work one cannot say which effect wins -

whether the clorad disrupts, or collapses into a gravitationally bound disk described by

(A). Preferential external compression would assist collapse into a disk.

As always, there will be present a field of density fluctuatibns of all wavelengths up

to the cloud radius; again we phrase the fragmentation problem: "Which fluctuations are

amplified against the increasing Dack~round dfnsity?" The Jeans proolem in a uniform

medium at rest, pervaded oy a uniform field H nas oeen solved Dy Chandrasekhar and

Fermi. They find that the Jeans criterion as again unaltered except for waves travelling

strictly across 11 . In the exceptional case, tie critical length is related to

the Jeans length byrJ

Again, we look upon zaese results as indicative of what we expect to result when tne analogue

of Hunter's analysis is worked out: i.e., we expect that sufficiently strong density
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fluctuations of scale well above the minima allowed by the Jeans-type analysis (or the

Stheorem), will grow more rapidly than the background density. (However, it must
be remembered that the result (So depends on the medium being slowly varying in density

in the direction of M . The problem could be redone in a flattened medium, or more

simply, the virial theorem used to estimate the mass and structure of the sub-condensations

to be expected).

For example, consider a spherical cloud (non-rotating) with a mass several times MtC
collapsing spherically under its essentially undiluted gravitational field. We expect

it to fragment into sub-masses, each of the same order as t'It thou& necessarily somewhat

larger. I is this imprecision in the value of the mass of the fragments that prevent one fr A

asserting definitely that the fragment will be markedly oblate, because of the presence of

a magnetic enargy comparable with the gravitational. However, if they are oblate, then

they will flatten still further; following the same line of argument, we should expect

smaller masses - given roughly by U) - to separate out. These small blobs will also

have a magnetic energy comparable with their gravitational energy.

However,. since the field does not interfere with flow parallel to itself we may

expect to form, within each gravitattmally bound blob, high density layers across the

field, of thickness of the order of the instantaneous Jeans length. This loc&i increase

of density, without a corresponding increase in H - yields a local gravitational field

that is able to distort the local magnbtic field: in fact we arrived at a sub-structure

as described by our equations(rk) and (ST). What one cannot derive are spherical,

gravitationally bound blobs of low mass: wa have already noted that bound spheres of

systematically lower mass can arise only if the whole cylindrical height of a cloud of

mass > sC, collapses towards a disk. Presumably, once the sub-sphere as a whole

becomes dense and therefore opaque enough for its temperature to rise, so that it becomes

S effectively a proto-star, then such stratificatin would be smoothed out.

A proper dynamical theory should again predict the energy of the ultimate sub-conden-

sations. However, in view of the wholly improper neglect of angular momentum, it is

hardly worth pursuing this topic here. We have gained enough from studying magnetism

and rotation acting alone to attempt to consider teir Joint effect.

The ultimate fate of a cloud that has too little mass to be bound as a sphere, but

has become a bound magnetic disk, is an interesting problem. We have seen that any

fragmenttion will be into sub-disks, which will never shine as stars. The effects of possiole

Aaleig&-Taylor instavility need to oe explored; but again any realistic studies must take

account of rotation.



2.6 The coupling between gas and magnetic field.

So far we have assumed without question the "freezing of the field" into the moving

gas. 71s ir a well-known kinematic consequence of the equation of electromagnetic

inductiu (

gI
and the form of "Ohm's law" for a simple moving conductor

NI je-- C

in the limit as the conductivity dr -0 0,

In a fully ionised gas (plasma) the analogue of Ohm's law is similar to (&),
27=except for extra terms on the right (the Hall and electron pressure termsITheir effect is1

usually (though not always) small in cosmical applications. Further, the length-scales

of cosmical problems are so large that the current density j required by Ampere's law

e- 4-El

to maintain fields of given strength are very much smaller than the corresponding terrestrial

currents maintaining small-scale fields. Thus because of the moderately high conductivity,

the Ohmic term a /- j is usually much smaller than the "dynamo" term I> Hfc
even for slow velocity fields (such as circulation speeds inside stars): the "magnetic

Reynolds number" is high, and the infinite conductivity approximation valid. Only in

singular regions will the Ohmic term dominate: for exemple, in the neighbourhood of 0-type

neutral points, where there is slow but inevitable dist*%oetion of the magnetic flux
L.7

(Cowling's theorem); or when oppositely directed field lines become arbitrarily close, so

that they diffuse and annihilate each other.

However, the gas in our problem is in general only partially ionised. In a standard

V1 T cloud there is one metallic ion present to about ) 0D neutral hydrogen atoms. In

the hypothetical primeval galactic medium of nearly pure atomic (i.e. non-molecular) hydrogen,

the cloud is kept at near 0 ' k by a balance between compressional heating, and
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loss by collisional ionisation and radiative recombination. However, even here it is unlikely

that the cloud will be even approximately fully ionized (though there will be a far higher

fraction of ions than in an H T cloud). Hence the equations valid in a plasma cannot

strictly be applied to either case, and it is not immediately clear that the freezing of
the field is a good approximation.

In fact, in a lightly ionised gas the drift of the magnetic field through the matter

is far more rapid than in a plasma, unless the field strength is very low. The freezing of

the field into the plasma component of the gas remains an excellent approximation in

most cosmical problemi. But the rognetic force acts directly only on the plasma, and

makes it diffuse through the neutral gas; quasi-equilibrium is reached when the magnetic

force is balanced by the plasma-taeutral friction acting on this drift velocity. Approximately

C.

vhere VH a Va are bulk velocities of the neutral hydrogen and the plasma, • is the

plasma density, and the coupling constant b is such that the mean frictional drag on an

ion is

Here I.•I is neatral hydrogen density, 0>1 the cross-section for ion-hydrogen, and f
the mars of the hydrogen atom.. Thus given riM and Vi • and the temperature of the cloud we

can compute from (CD) the rate at which the magnetic force drives the plasma through the neutral

gas. .Since the equation of motion of the electrons (or the ions) reduces to

C

we havej (to) yields simultaneously the drift of the lines of through the cloud as

a whole - in general a much larger contribution than the slow diffuasion due to the Ohmic

field. An exception is the case of the force-free field, in which j is parallel to

H• ; such a field is irrelevant to most of our problems.

Equivalently, the rate of dissipation of magnetic energy is far higher than in a

plasma. Fror (0), we have approximately
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Sthe left we have the rate at which the electromagnetic forces do M rk On the charged

S Articles: if positive it represents a net loss of magnetic energy; if negative, a storing

of magnetic energy, Since is effectively the bulk velocity of the gas as a whole

(the plasma component being slight), the second term on the iAght is the rate at which the

netic body force does work on the gas. The other term is by (to)

curen acos _Ii

where j is the coponent of c This term is the rate of dissipation of

energy by friction: for currents it can be regarded as due to an anomalous

resistivity that is t +1 2-/1r'

In the problem of a 0avitationally collapsi ng maetic cloud, the velocity 6 is

essentially the free-fall velocity, diluted a little by the magnetic resistance (transferred

via the plasma-neutral friction). if j -If <L i i then the plasma-plus-

field effectively moves with the neutral gas; even though the production of heat (64)

is far greater than in a plasma, it is small compared with the rate -- 6 A[2/C Vii

at which the gravitationally driven flow VH pumps energy into -he magnetic field. On
the other hand, if I•-P1 I'• I the essentialy disrupiv magetic force
drives the plasma out, and by inductive coupling the field moves out with it. A new

quasi-equilibrium state will be reached, in which the magnetic field lines have much less

curvature, and so exert a much weaker force, balanced by the frictional force due to neutral

gs falling across the field.

Whether this uncoupling between matter and field occurs depends on the strength of the

iction p eter - for a given density, essentially on (AZ
Taking 10 for (ji,, IMestel and Spitser found that a "normal value of for

SI , in an •T- cloud, is too large by about t00 for the drift of plasma

to approach the free-fall spieed. B n i a dense dust cloud the plasma density may drop

rapidly - mainly by attachment to dust grains - to a mall fraction of its normal value, if

the galactic ionizing radiation i s extinguished at the cloud surface by the dust. However,

the recent calculations by Osterbrock yield a value "• i - for Cri w vhile cosmic

ray ionization tends to keep 11 Z flom falling. It seems therefore uncertain whether or

wot substantial loss of magnetic flux by the cloud can occur during its gravitational

aQllapse. If it does, the star formation problem reduces to the fragmentation problem,

with or without angular momentum, but with no primeval magnetic field of any strength to

impede sub-condensation. Whether the field could subsequently assist in removing angular
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momentum from a proto-star depends partly on the stage at which coupling between field and

matter is re-established.

Both this process, and the preferential flow already discussed, lead to an increase in

without the increase in I L •L_ ry associated with spherical collapse of

a frozen-in field (the result that kept the minimum mass above (2:32))
However, whereas sufficient loss of 'agnetic flux results in the magnetic field becoming a

slJ. perturbation, with preferential flow the frozen-in magnetic field still plAys au

important role in the fragmentation problem; for if the temperature stays low, the field
determines the lower limit to the mass that can separate out any epoch (cf 2. •). Thus

the blots that form all have substantial magnetic energies, comparable with their gravita-

tional energies. It is possible that during the contrac-.;ion to the main sequence, internal

convective turbulence may succeed in destroying most of this magnetic energy; but even

if the star conserves its primeval field, it does not mean that we have a contradiction with

the observed fact that most stars have weak external fields. An inexorable internal

meridian circulation, driven e.g. by centrifugal force, will tend to keep the star's general
2.4field beneath the surface. An initial external part would ultimately be detached froM the

internal field by Ohmic diffusion, and would be blown away by the stellar wind. It is

significant that we have evidence - from the polar plumes - of a general solar field only

in regions wnere we have no evidence of even moderate circulation speeds; whereas

In hi &e ~u~p& z~svies. su6-OhstbSPbetO' tC. VC ~qiqt kfi oft u
_V"e bat 6J.1 rapid enough to prevent the appearance above the surface of even a weak

external general field. To sum up: it my verb, well be that in order that Type I stars

can form at all, we may have to appeal to preferential flow down the field lines, rather

than the Mestel-Spitzer process of flux-loss; but we do not have the impossible task of

building a star by flow down the field lines, such that the internal field has the low value

4 indicated by the observed solar external field.

* Relative drift of plasma and neutral gas may be important in othejroblems. The

flattened magnetic disks of 2. 4 could revert to a spherical structure if there were a

systematic loss of flux in a reasonable time;as they cannot contract further across the

field, there is no question of the loss of flux having to occur within the free-fall time.

However, the high densities in the flattened state - which is approached in the free-fall

time - probably prevent any substantial drift even in S,*0 years. We shall find that in

eccentric regions - e.g. ipipched zones - drift may become large evmzhough it is negligible

SI over the bulk of the cloud.
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Finally, we note that even if Type I stars do form from clouds which have loet most

of their magnetic flux by the Mestel-Spitzer process, it is clear that clouds of pure

atomic hydrogen - postulczte A for the matter from which the oldest Type II stars fonned.

cannot lose their flux in this way. In ftl_ clouds the processes by which the temperature

is kept low - molecular excitation, thermal radiation from dust grains - are essentially

separate from the processes of ionization. But in a primeval cloud of atomic hydrogen,

grmvitation, collapse automatically keeps enough hydrogen ionized so that the compressional

energy generated can be radiated away. Thus there is always enough plasma to keep the

field coupled effectively to tne cloud as a .whole; if a strong galactic field existed when

the old Type II stars were formed, then preferential flow seems the only way by which small

masses could condense.

3. THE EVOUITION OF A ROTATING MAQMIC CLM

We now attempt a more realistic, but also much more difficult problem than any discussed

so far - that of a cloud with a high angular momentum and a strong magnetic field. There

is clearly ample scope for complication in -.he different magnetic structures one can postulate,

and in the inclination of the axis of the field (assumed large-scale) to the rotation axis.

We shall discuss only two highly idealised models. In the first, the cloud is roughly

spherical and has a field which is more or less parallel to the axis. This model can be

discussed in some analytical detail because of its having an axis of symmetry. In the other

model (discussed only qualitatively), the field lines are again straight within the cloud,

but they lie in planes perpendicular to the rotation axis. Since the galactic magnetic

field is believed to lie mainly in the galactic plane and therefore prependicular to the

probable direction of rotation, the second model seems the better paradigm, at least for

star formation in the present och.

Since we are interested in magnetic braking, we begin by assuming that the cloud field

lines initially extend out to "infinity". However, the structure of the field is not something

that can be prescribed but is determined by the hydromagnetics of the problem; one of our

tasks is to estimate vhen field lines detach themselves from the local galactic field and

form closed loops, thus sharply cutting down the rate of magnetic braking.

A very strong turbulent field within a cloud would alter the whole nature of the problem

if it could twist and tangle the field sufficiently to destroy it ty Ohmic dissipation. We

cannot be certain that this has not happened during the formation of some galactic clouds.

The magnetic field is then not there to be either a hindrance or a help; the star formation

problem now consists of getting over the angular momentum difficulty by agglomeration of

matter into a body of low rctatory but high orbital B.-•ular momentum. (c. %.3 ). However,

if we start with a cloud with only moderate turbulence, and with a mass well above the
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critical mass t l (j"I* for gravitational binding against magnetic resistance, then it is

difficult to see why the kinetic energy generated in the subsequent collapse should become

small scale turbulent energy: rather one expects the cloud to fragment into randomly

moving sub-clouds, each Vith an internal magnetic field of energy comparable with the

gravitational energy of the sub-cloud. This is the type of system that we discuss. Within

each cloud the strong magnetic field controls the turbulent eddying, rather than being

tangled by the turbulence.

3,.1 The magnetic axis parallel to the angular momentum vector:collapse and frajmentation.

For definiteness, consider a cloud which is roughly spherical, of a mass M above

the critical, mass MC and vith initiallv negligible centrifugal forces. Tnen if M M•
we have seen chat the magnetic dilution of the lateral gravitational field is small, so that

the initial collapse is spherically symmetric, and no fragmentation can occur. But the

increasing centrifugal force - assuming strict conservation of angular momentum - ultimately

halts contraction across the axis of the system, and forces preferential flow down the

field, and ipso facto parallel to the rotation axis.

If the cloud has a mass just above M C then the reduction in lateral gravitation

b•y the field will in any case cause initial preferential flow, wh'ich we saw in 2. S is

accentuated by furtaer flattening. The effect of introducing a rotation vector parallel to

is to ensure that the flattening takes place, even if M Y)H.' and the cloud is initially

spherical.

This flow towards the equator enables the cloud to fragment. We saw in Chapter 2 that

if all of a cloud of mass '7, 1 M collapses into a flattened sTate, then sysTematically

smaller spaerical bloDs car. separate out and Degin .o contract against the resistance of

their internal magnetic fields. At the same time, tne centrifugal force continues to

"hold up" the cloud as a whole, but it no longer prevents spherical sub-condensations from

forming (though we note again the mathematical difficulties associated with rotational

shear). When we ignored rotation, we appealed to Hunter's work to justify our picture of

ller blobs separating out more quickly than the collapse of the whole cloud. However,

with a strong centrifugal field collapse in two dimensions is in any case halted:as emphasised

by McCrea, rotation helps fragmentation by preventing the cloud as a whole from collapsing

tIao a small sphere.

However, it is one thing to have the flattened cloud break up into blobs, with or

without substantial energy of z-motion; it is another matter for blobs of stellar mass to

be able to reach the main sequence. With a strong magnetic field effectively controlling

any random eddying motion, it is difficult to believe that formation of blobs with

accidentally low spin is the answer tothe problem. But we have seen that if there is

systematic removal of angular momentum during either the early stages of star formation,
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or during the approach of an opaque proto-star to the main sequence, then the difficulty

can be overcome. Since we are concerned with the collapse and fragentation of a magnetic

cloud, it is natural to ask whether the field is able in these early stages to transport

much angular momentum. If the cloud contracts, conserving its angular momentum, its spin

increases, and the part of a field line within the cloud will rotate more rapidly than

the outer part. A toroidal magnetic component is generated, and the resulting torque

attempts to equalise the angular velocities of the cloud and the external matter, later we

mus discuss the structure of the field outside the contracting cloud: in particular, we

must decide which field lines, if any, remain "infinite", and which systematically detach

themselves from the galactic field. For the moment we take the most favourable case, and

assume the field lines stay infinite, so that there is a continuous transport of angular

momentum to infinity. If the cloud were at rest, its spin would steadily be reduced;

but since the cloud is contracting, and so tending to increase in spin, the problem is

one of relative time-scales.

To estimate the best possible rate of magnetic braking, we suppose that outside the

cloud the density is low and the field reasonably strong, so that hydromagnetic waves

travel rapidly, and keep the surface of the cloud rotating with the background. The non-

uniformity in rotation between the surface and the center LS ironed out in a time

V~tý1 /4Trf)iL

being the Alfven speed. By comparison, the time of gravitational collapse is roughly.

and the ratio of (|)/to (Z) is

which is of the order of the square root of the ratio of gravitational to magnetic energy.

Thus if a gravitationally bound mass has about as much magnetic energy as is allowed, our

order of magnitude argument suggests that infinite field lines may be able to keep the spin

low during the contraction. But since the free-fall speed and the Alfven wave speed are

comparable, one is forced to do a more accurate calculation to reach a definite result.
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It should be noted that too efficient a loss of angular momentum could be an embarrassment.

First of all, we know that 0 ana 3 stars reach the main sequence with nearly the upper limit

of angular momentum, and so we do not want all contracting globules to be kept rotating at e.g.

|I 7•ec until too high densities. (It is far more plausible that the sharp drop in spin

below Type F is due to a special deceleration process for low mass stars, than that

initially slowly rotating 0 and stars have been accelerated.)

Secondly, in our particular model, we have appealed to centrifugal force in order to

be certain that there will be preferential flow down the field, so that small globules can

form. Too efficient a removal of angular momentum could enable the cloud or globule to

contract isotropically - at least if its mass is well above MC (7!4.

3.2 Magnetic deceleration of a rotating collapsing mass.

We adopt the following highly idealised model. The cloud is uniform and spherical, and

with a uniform internal magnetic field parallel to the axis of rotation. Outside the cloud,

the field is nearly radial (except near the equator), its value being given by the continuity

of the normal ccmponent. The tangential discontinuity implies a surface current, and a

locally infinite volume force, while the uniform field is curl-free, and so exerts no

force. These unphysical features are avoided in the more accurate study of 3.3; but

the present model is adequate for the magnetic braking problem.

If magnetic braking is going to be efficient, then centrifpgal force must be small, and

so does not distort the sphere. 'W shall assume that the sphere collapses isotropically -

we ignore also the essentially non-isotropic magnetic force. (Since we expect this

force to be sizeable in the case of interest, this assumption is dubious; but the results are

likely to be similar for cylindrical collapse). We take for the radius of any mass shell
at time

Y--!

the integral of

with the initial condition
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It is convenient to use as a time-variable

Because of the assumption of uniform density, the cloud contracts homologously - ris

lepedent of m and • is a uniquely defined variable.
lo discuss the interaction between the magnetic and rotation fields we use cylindrical

polar coordinates ,. ) The torque equation is

where '1j is aga• n the angular velocity, and_ýhL- is a derivative following the motion.

The left-hand side is the rate of change of angular momentum of a moving particle of unit'I
mss; the right is the magnetic torque density, reduced to unit mass by the factor I .

The hydromagnetic equation. and the continuity equation yield

This can be derived directly by writing the familiar equations

S_(i~o)

in cylind rical polars. Fhysicalr (y can be interpreted as follows. In the absence of

non-uniform rotation, the toroidal magnetic field changes just by virtue of the nm-rotatory

motion. Consider a torus of cross-section ttA its axis being the axis of rotation. The

flux of R through the torus is (i-f4 4A ); the mass of the torus is 2aS W A A..
If the torus following the motion, and the rotation is uniform, then
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Non-uniform rotation generates a toroidal component from a poloida lpat the rate ( 7

so that the rate of change of the flux of H per unit volume is it) )J(

per unit mass ( q.4i SL whence (4).
ii

By our prescribed motion(i)J

C..-

so that (re) and(j) become

and = I . ~1p 2 )(4

Together they yield

where

With the new time variable (3), and a non-diwkional coordinate

our equation reduces to

4-8

......... ------ - - ~-'..



11

This must be solved subject to the boundary conditions:

(i) if fis the value of 7__ at which the field line considered meets the edge

of the sphere, then

(11l) at Y- C !

- prescribed initial values.

If these initial functions are even in 2. then SLwill be even - 0 at - 0 for

all.

As a simple example, take I ) and a-- SLa- at -' 0

Under contraction shear develops at the surface of the cloud, and hydromagnetic waves are

set up. The solution involves the natural parameter • where

= distance travelled by an Alfven wave in the free-fall time. If 3•
the a ar velocity at &iv~e V

4 e

t.21) V

whereas in d he absence of the field,

Thus the angular velocity oscillates with an amplitude roughly proportional to

" - -- 3
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The ratio of the maximum centrifugal force to gravity

instead of the ( /-' ) law that holds under strict conservation of angular momentum.

Thus if under angular momentum conservationisotropic collapse I.- halted, e.g. )after a

contraction to (I1 0 of the initial rAdiVS, then if 3 the cloud can contract by a

factor /011"34"before centrifugal balance is achieved. ( • •)(7.- r )
If '341 the d minant term in the solution is C•c

so that if ' I the m&Znetic field is quite negligible.

It appears that if the field is strong, there is a continual interchange of angular

momentum between cloud and external matter, and that the cracial parameter (4 still

inc: eases with time, though more slowly than when 0-- 0. A sufficiently great

permanent loss of angular momentum can occur only if is very large. But '3 cannot oe

prescribed arbitrarily - we have seen that (with • • ) its order of magnitude

is at most unity (cf. 7. 4) One wculd like to see a more detailed discussion of the

problem - with different initial condition, and a more thorough treatment of the boundary

condition - but it seems unlikely that the deceleration can be much increased: one would

think that the boundary condition -L -- is the most favourable.

As an example, suppose 3 • I, and the cloud of mass I 0

collapses to R /10 0 instead of (/! o • after which centrifugal force makes it

flatten into a spheroid with axial ratio i and then fragment into blobs of mass Mi Z and

radii -e R Perhaps the frozen-in fields of these fragments in their turn remove some

spin angular momentum from the orbiting fragments. A blob of mass MeL has a centrifugal

parameter J =-e-; hence again taking • the most that magnetic braking

is likely to do is allow it to reach a radius -- eN K) (instead ofe (e OZ)) before ; %L

Eun tiachieves centrifugal balnce. If the mass of the blob is to be of stellar order, c ' I/a

and the radius it can reach before flattening is _ .3.3r I (F ' which is still

several orders of magnitude above main sequence radii.

It does not, then, seem likely that straightforward magnetic braking can play a

decisive role during the free-fall of a cloud. However, once the fragment becomesopaque, it

will contract far more slowly. The details of the theory will not be applicable, as the

law of contraction is different from (4); but we may O•ect that a parameter analogous to

(IV) will appear. If is the radius of a fragment of mass M4 then the parameter

will be approximately
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Assuming Kelvin-Helmholtz contraction (i.e. ignoring Hayashi convection), we have not only

that in a strongly magnetic globule (2.5) is initially much greater than unity, but that also

it increases with time; for

L• 4

where is the luminosity, a slowly varying function of R. Thus at first sight

it appears that we could relAX considerably the stringent condition that the internal

field)as large as possible, and still get considerable magnetic braking during this slow

contraction phase.

Unfortunately, new difficulties arise. We have already noted (2.6) that once a globule

becomes opaque, the adjustment of its thermal field to arbitrary non-spherical perturations

(centrifugal and magnetic force) results in general in large-scale internal circulation.

The circulation speeds, though slow over the bulk of the mass, become quite fast at low

densities near the surface; if the flow persists, it will detach the internal and exter.-al

parts of the field. The external part, being no longer anchored in the star, w-il be

easily lost - e.g. blown away by a stellar wind. In the final quasi-static state a very

few of the lines of force of the general field will leak out - their number depending on

the magnetic Reynolds number of the circulation. A weak external f±eld is no strong argument

against a strong internal field -the relic of the local galactic field in the matter from

which the star was born; but equally a strong internal field cannot be employed to brake

the star if its lines are nearly all confined within the star.

As even more serious objection, which applies whether the cloud or globule is

transparent or opaque, i, that the assumption of infinite field lines is unlikely to be

valid for long during the contraction. We have pictured the cloud as a local condensaticn

in a region of roughly uniform field. The cloud collapses, dragging the field with it;

the local distortion in the field extends beyond the "edge" of the cloud, but far enough

away the field is effectively the original uniform field. Because we have thought of the

field as strictly frozen-in to the gas, we have not envisaged any - " H
snapping of field lines, waich have stayed "infinite". This is

crucial for the magnetic braking problem, in that hydromagnetic C,

waves can then travel rapidly far from the cloud, and we are \ k
justified in using the boundary condition r) S , .- ,
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It might appear that this question of the existence of finite or infinite field lines

is of no particular importance for this model, since in any case we have cast serious

doubt on the efficiency of magnetic braking by a general magnetic field in either the free-

fall or Kelvin-Helmholtz stages. However, the parameter ý; (2o) contains the length -

half the length of the segment witnin the cloud of the field line considered. For most of

the field lines - e.g. 1'B in the figure - . - the radius ; but those like I)C

we mu& shorter. The hydromagnetic waves do not have far to travel, and the appropriate

value of 3 is much larger; hence provided the line D C extends to infinity, the

theory predicts a much lower angular velocity ?or2 than fDr •, But a sufficiently sharp

decrease in S1 in planes perpendicular to the axis, is likely to be Rayleigh unstable, i
energy being released when neighbouring cylindrical shells are interchanged. One could

thus imagine the cloud to lose angular momentum by hydromagnetic action along _D C

while interchange instability continually replenishes tne angular momentu of the 7D C
neighbourhood from that of the rest of the cloud. The net loss of angular momentum could

be much greater than oy direct hydromagnetic action along lines such as 11, The structure

of the field is therefore an important question, at least for the free-fall stage. We

now study in detail the structure of the field, to see when the assumption of freezing of the

-field breaks down, and snapping of field lines -akes place.

2.3 Tae magnetic field of a contracting cloud. A
We study the following simple model. A medium of uniform density f •,

and pervadea by a uniform field H. is imagined to undergo a non-homologous

contraction, yielding the smherically symmetric density field

-~g p[.rb /I?- 12-7)

where f 0  is the radial distance from tne center of contraction; Tne central density

i Fc (g-+~~ if ? {Z Ai4 and Rrj is ameasure of

the "radius" of the cloud. In terms of a non-dimensional radius X) -.(o / Pb b)

the new position of an elemaenT of mass is related to its original position :j<,. /I/ )

by t±e conservation of mass:

or
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wh~ere . (,,) is the mean deasity within Near the center (cL~Q

- a homologous contracTion to the new, approximately uniform density. Far enough away -

X @)> / - the cuage in the mean density wiz±in X . is negligible, and Ct -x - X .

Iz oetveen, 1< >1 < (C4 + Lf)

Once a massive enough cloud has Deen formed it will oegin to contract; 3f magnetic

and centrifugal forces could ue i6.ored, it would fal. freely, wita tne radius of a mass

s aere at time given y (cf. )

where again we nave selected for simplicity the special solution for which

rI)1

for ali o,. In general, wvnaever the initial radial velocity field, he- inner parts witLL

systematically higner mean densities will have a higher relative acceleration,

so that the gravitational field tends to accentuz-te the mass concentration to the center,

as illustrated by (-11). Thus although strictly one should follow the motion, and so determine

the evolving density field, we may regard the model (x7) ,with systematically increasing h
and decreasing • as describing the effect of the spherical gravitational field at

different epochs.

In the initial state, the uniform mag etic field is described by a Stokes stream-function

L!

so that )

lieC
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is constant on field lines; Zn 9 is the total magnetic flux crossing the equator between

t ie origin and f , Under the spherical condensation (2-), the point ( ) 1 )

becomes ( r., ); since the field lines are frozen in to the moving matter, we may compute

the distorted field by substituting for '- in (33 ), and then using (34) wvith

S replaced by 'PO (ab We find

andof tregth'1!• (•D-o}/•,) essentially the result fj 'C/ 4 .1 •s' /a ~,

.although 3t is dropping off exponentially to f•) the mean density •- o

StS

Is still much larger than •) so that

H e! 
.36

except near t equator, the field is nearly radial. Far enough aiay, uheni

alsof corresponding to s g en x(/se All these results are

altvious geometrically from the essentially non-uniform dragging of initially

straight field lioes.

An external compression that has the high degree of symmetry required to yield (2)

and (30 is not very plausible. However, a cloud approximating to this model could arise

by fragmentation of a collapsing super-cloud with a large-scale field, but of a mass well

aove the limit (2:32) set by the virial theorem. In any case, if the magnetic field is

U be able to decelerate the rotating cloud, it must have lines that traverse the cloud

and extend into the medium surrounding. The model is about the simplest that one can

think of, consistent with the freezing of the field.

We can now compute the magnetic force density ( )A t P11- The radial component

ojposes further spherical contrsction. We may easily write down a condition that the

(radial) gravitational force be everywhere large enough for at least approximately spherical

collapse to continue-the condition is very similar to whvat we derive from the v, Ir

theorem for a cloud of radius Po . density f, and magnetic field Hý (C?/4. ) .

The significant feature is the 9- component of the magnetic force.which cannot be balanced

by a spherical density field. This is particular' marked in the zone where the field lines
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are radial, so that the magnetic force reduces effectively to a simple mo~netic preosure

which must be noni-zero since k-by (35-) varies stronglyv with &

Thus imnediately following the primary diwtortion (.7) there is a secondary distortion of

the density field, in which the magnetic forces build up. for themselves a density field

able to withstand the magnetic pinching. Since the field is frozen in, the secondary

distortion of the density field also changes the magnetic field. Equilibri= is reached

(for th'. zone of strong pincblin when the radial magnetic fl.eld hFs adjusted itself to be

nearly uniform over the qudrant, with the density field likewise; bVt in a thin equatorial

zone, a high density exerts a pressure able to bULance the magnetic pinchi

23

C- bein:g the isothermal sound speed. The thickness of the zonc is

L ~,(vKJ L ~R-

This follows because the zone is boutided above and below, at t~ie radiaL.

distance Yo by the critical field line which is changing over, from
being perpendicular to the equator to being nearly radial. Bafore

the pinching, the height of the cylinder of unit cross section, that crosses the equator

i normally and is bounded by the czitical field lines, is by (3s5)

after the pinching the height is reduced by the factor L () /yet ('6)

whence (n). It is clear that the pinching will be stron-gest where the density is

approaching the background value gZ; fordecreases like and increases like

re2' while the density decreases like

The secondary distortion itself does not change the topology of the field - all the

lines remain infinite. But the greatly increased curvature near the equator results in a
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sharp increase in the radial magnetic force at the equator, -

which now depends on the temperature of the gas )throuh C. (This

shows up the limitations inherent in the virial and other integral

theorems: they cannot take account of singular regions.) As

the non-honologous contraction proceeds, both the radial

distortion of the field and the secondary pinching get worse;

even if initially the gravitational field were strong enough

to overcome the increased magnetic resistance at the equator in

the subsequent flow the equatorial magnetic force in the pinched zone increases more rapidly

than the gravitation, so that balance is achieved. Thus we see that if the field is
strictly fro2.en in, isotropic contraction must break down. Gas flows down the approximately

radial field lines towards the equator, so increasing the gravitational force density at

the equator, and allowing further distortion of the field. Since the curvature of the

field lines is towards the region of lower density, one would not expect hydromagnetic

Bayleigh -Taylor instability to arise: exchanang field lines will not release energy

(even if one felt certain about applying the energy test to this situation with its large

mass motions).

However, it is unlikely that the field will persist long as a highly distorted part

of the local galactic field. First of all, the assumption that the bulk of the gas moves

with the field becomes quite intenable nee the pinched zone has been generated. We have

already seen that when the magnetic force is "normal" - i.e. of order of magnitude 1 a/4 12'.
-the drift that it forces the plasma to make relative to the neutrals is negligible

compared with the bulk velocity, except when the plasma density becomes exceptionally low.

* But in the pinched zone the neutral gas drifts laterally under its enormous partial pressure.

A new quasi-equilibrium is set up, with the neutral gas having a density roughly independent

of I and all the pressure of the radial magnetic field being borne by the plasma that

(for the moment) is tied to the magnetic field. Since in an cloud we expect the ratio
of plaoma to neutrals to be the new pinched zone is thinner by the same

factor. But with oppositely directed field lines so close to each other, ObmLrc dissipation4

can no longer be ignored. Provided the temperature stays near 1 0 2 0k) then

rough numerical estimates show that even if fC / ' isio greater than I the

Ohmic decay time is far shorter than the free-fall. time for the cloud as a whole. Recombin-

ation of tit, plasma under the enormous compression will assist by reducing still further

the amount of plasma available to keep the field lines apart. Thus the fiO& changes its

structu-e first, forming a cusp-like neutral point, which then --

divides into an 0-type and )(-type point. I .A
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Field lines successively drift into A/where they divide into a finite part linked with the

cloud, and an infinite part detached from it. The process slows up when the amount of

magnetic flux over the quadrant through is small enough for the pinching to be much

reduced, so that Ohic dissipation is cut down. Simultaneous with the disappearance

of the pinched zone, the sharp curvature of the equatorial field lines is reduced, so that

the radial magnetic force at the equator reverts in order of magnitude to the virial theorem

prediction.

By this process, the field of the cloud has detached itself from the galactic field;

its structure is more familiar, being similar to the vacuum field outside a dipole, super-

imposed on a weak background field. Since the magnetic energy outside the cloud is far

greater than the thermal or gravitational energy, assumin normal densities, one tends

to expectNin dynamical equilibrium the field will exert very we.'k forces - ýe. the current

density perpendicular to H will be much less than the order-of-magnitude estimate (cI/4 ?

For a purely poloidal field, this means that the field is nearly curl-free. This argument,

however, ignores the possibility that the~field will itself build up, by compression, the

thermal field required to balance it. It reverts to a field similar to the curl-free

field only because by forming the pinched zone it brings about conditions in which the

In a primeval cloud of pure atomic hydrogen, with no external sources of ionizing

radiatton, the situation is a little more complicated because of the ionization of hydrogen

by compression. However, we can show that the "Ohmic flash" in the pinched zone is again

forced on the system. As the pinched zone approaches dynamical equilibrium, the drop

in compressional energy generation causes excess recombination; the neutralised hydrogen

drifts out, and the zone shrinks, compressional energy sldwing up a little the recombiwtion,

until a new quasi-equilibrium is reached. Thus the distance between oppositely directed

field lines systematically decreases - and just as in the H! cloud problem, at a rate

determined not by the Ohmic diffuslon, which is initially far too slov, but by the much

more rapid drift of neutral atoms under their partial pressure. Ohmic diffusion is required

to chazzge the topology of the field; it occurs rapidly enough oecause the other process

has forced the field lines together.

XwW details still need study. It is not clear that the temperature in or TI cloud

will stay near l000 K, for the 01tmic and ccupressional heat generated may be more than the

radiators can cope with; the 0mic resistivity may thus decline, and slow up the flash

rniewhat. However, the rate of heating can hardly become so low that the temperature drops

back to 103' K: and since the Spitzer-Savedoff cooling time is of the order of 1 .O years

at normal densities and is much shorter at high densities, one feels fairly confident that

-57-



the systematic snapping of field lines will occur once the cloud has begun its collapse.

Further if the cloud is rotating about the axis of the field, centrifugal force will limit

the amount of gas that can flow towards the cloud; and once a near-vacuum region has

foimed near the equator, the field has no difficulty in taking on the curl-free structure.

3.4 Summary of conclusions for the case withf parallel toPL.

We have found

(a) if the cloud is freely falling, only those field lines which graze the cloud

near the equator have a chance of efficiently decelerating the cloud by transport of angular

momentum to infinity; for most field lines, the time of travel of hydromagnaeic waves

through the cloud is too long compared with the time in which free-fall increases the spin

and the density:

(b) the distortion of the field when the cloud is formed leads to local breakaown in

the freezing of the field, so that the cloud field systematically detaches itself from

the local galactic field. The lines which graze the cloud near the equator are the first

to detach themselves, so that they also soon cease to ac¢ as efficient transporters of

angular momentum: the only lines which stay "infinite fin this symnmetry are those that

emerge near the po)les, and so traverse the whole diameter of the cloud. It is unlikely

that a more complicated initial field structure - e.g. a quadrupole-type- would alter these

conclusions.

Thus during the collapse of the rotating magnetic cloud into a flattened structure,

conservation of angular momentum is a good approximation. After the collapse the cloud
can fragment into sub-systems with high orbital angular momentum, strong internal

magnetic fields, and with centrifugal force of spin that is at first moderately small.

But these sub-condensations in their turn will be limited in tne degree of spherical

collapse they can undergo: the conclusion that magnetic braking is not effective at this

stage has left unsolved the problem aE to how a mass of stellar order can reach the main

sequence.
At sufficiently hign densities the fragments become opaque, and the contraction Ls

slowed up. The time-scale difficulty is thus relx.PL However, the detachment of the

fragmentl field from the cloud field is almost certain to persist, in spitcof the fact

that the opaque fragmeat is contracting more slowly than.the free fall of the external gas;

for the closed loops of field keep the local matter rotating with the fragment, and

centrifugal force will prevent the neutral point from being dragged into the fragment. Further,

we have noted that meridian circUlation within opaque bodies will tend to detach the internal

field from the external. Thus this simple model of transport of angular momentum by hydm-

magnetic waves is not plausible during the Kelvin-Helmholtz stage also.
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However, the physics of the problem is altered in one important aspect. When a body

with a high internal pressure field flattens because of conservation of angular momentum,

it tends to become rotationally unstable: the energy in the tnermal field enables matter

near the equator to spew out with the velocity of escape. This matter has more angular

momentum than the average, so that tie angular momentum per unit mass decreases a little

because of this loss; but, as pointed out and exploited by Schatzmsn, magnetic coupling

between the emitted matter and the proto-star greatly increase the angular momentum carried

off by a small amount of matter. Further, the spontaneous emission of matter automatically

drags out part of the field tnat would otherwise be trapped r• the internal circulation. (The

elongated loop will exert strong pinening forces, and will

ultimately detach itself from the internal stellar field). A.

Tnus a proto-star with a primeval interfCLI field can contract, always ¼
staying fit the brink of rotational irstability; tile amount of wass

lost during the approach to the main sequence is mucn less tian te F/ib. i C61"
associated loss of angular momentum. This picture is not adequate for K- 0

stars later 'nan Type F, wnich nave angular velocities mucn lower I
tnan the more massive stars. Here Schatman appeals to the analogue
of solar activity that is presumauly always associated wita an extensive convection zone.

Emission of ma~ter from active surface zones will also trausport a very nign angular

momentum-to-mass ratio, provided the matter expel-ed is magnetically coupled uo Lhe surface.
Once tne s-,ar uas ceased to oe on Tjie verge of rotations& nstauility, loss of mass turougLn

tne equator ceases; Dut a maguetically active star wili coitinue to lose an6ular momentum.

We thus have a very attractive possiole explauatio- ror the oreak i±L augular momentum

at TyperF: more massive stars reach tue main sequence vw±dLout passing zuroxu. a regime

witi an extensive convectAve zone.

An ultimate aim of any theory of star formation is to predict the luminosity function.

Our general conclusion is that the angular momentum problem must finally resolve itself

during the slow contraction the main sequence, rather than during the earlier stages, when

the temperature is still low and the cloud can flatten and fragment. Further research

should therefore be directed towards estimating the masses of the final fragments in terms

of the opacity, and to further elucidation of the Schatzman process during the slow

contraction stage. In par kicular, one wants to be sure that the mass loss is small

during the approach to the main sequence.
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3.5 A cloud withH and 3-erpendicular.

We now discuss briefly what we may expect to happen when the strong

large-scale field is perpendicular to the angular momentum vector. ( i

The most striking contrast with the previous case is that a quasi-equilibrium

state can be reached without the thermal pressure playing any role. In

planes perpendicular to JS3the centrifugal force balances gravity, whileI slight contraction parallel to.L increases the magnetic force more rapidly

than the gravitational; thus an initially spherical cloud achieves equilibrium with a

spheroidal -shape. But, equally, the cloud cannot begin to fragment. Excess flow down

the field - required so that the density may increase more rapidly than H 3/1 -

is prevented by centrifugal force; while flow parallel to _S1 - so as to reduce the

centrifugal parameter S /-! / 5 - is prevented by the field.

Thus the evolution of such a cloud depends on the transport of angular momentum by

the field. Since the cloud is in centrifugal balance, the magnetic transport does not have

to try and keep pace with free-fall. On the contrary, the changes in the cloud occur at

a rate determined by the angular momentum transport: the fact that free-fall has a time-

scale somewhat shorter than magnetic braking means that close centrifugal balance is

maintained at all stages.

The problem is difficult to treat in detail because of the absence of an axis of

symmetry. Qualitatively one expects some transport of angular momentum from the cloud as a

whole to the rest of the galaxy, so that the cloud contracts into a similar equilibrium

state. But the distortion of the external field will again lead to detachment of the

field lines from the galactic field and so to a cut-off in the angular mbmentum transyort.

Subsequent evolution must depend on the magnetic redistribution of angular momentum within

a cloud. Since in the equilibrium state the angular velocity field will certainly not be

uniform, twisting of the field will generate torque. A simple model has been studied3m

using a bogus (axially symmetric) field maintained by a distribution of magnetic poles

on the rotation axis. If the gas near the axis rotates uniformly, while that far from

the axis le angular momentum is transferred out, so that the inner gas contracts and

the outer gas moves further from the axis. As the mass distribution alters, so does the

gravitational field, and the angular velocity field adjusts itself also; the subsequent

angular momentum transport is also affected. Again, an exact theory must watch for the

tendency of field lines to snap, and so break magnetic contact between regions of different

rotation.
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Qualitatively, then, one can see how systematically smaller blobs can arise - all

in centrifugal-grwritational and. magnetic-gravitational equilibrium. Once the blob

becomes sufficiently opaque, then the energy of compression, generated in the contraction

caused by magnetic transport of angular momentum, will heat up the blob, which will become

rotationally unstable. It thus appears that again Schatzman's process is relevant to this

case also: for it is an essential feature of the picture that the centrifugal force is

important at all stages until the opacity becomes large, so that further strong magnetic

braking is required if the blob is to become a main sequence star, and not just a.%tof

the hypothetical planetary masses discussed in Chapter 2. Again, the distribution in

mass of the globules at the time when they become opaque is probably a good approximation

to the final luminosity function.

The effect of the field in preventing flattening towards a thermal disk state may have

applications on the galactic level. We notR4- in Chapter 2 that unless one started with

violent density variations, it was difficult to see how a rotating cloud could break up

into a system with large Z-motions. But if the collapse into a diskS halted by the

transverse magnetic field, and sub-condensationsform only because of magnetic redistribution

of angular momentum,Aohen perhaps the blobs will be able to break off from the magnetic

field and fall onlytheir mutual collision cross-sections have been considerably reduced.

There is thus a p ____ case for expecting there to be more kinetic energy retained

in this case than when bothk and2are more or less parallel.
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